X-ray scattering experiments on coherent CuNi multilayers are performed at various annealing temperatures. First, we show that the classical thermoelasticity theory can be applied in such nanosamples to link composition and strain fields at intermediate temperature. Second, when interdiffusion takes place at higher temperature, the satellite peaks measured at different annealing times indicate the presence of a layer-by-layer interdiffusion mode controlled by the asymmetry of the atomic mobilities in this system.
I. INTRODUCTION
The idea of observing artificial metallic multilayers with x-ray diffraction techniques to study interdiffusion phenomena dates back to the work of DuMond and Youtz.
1,2 Interestingly, these pioneering contributions even suggested that the approach could be used to measure the concentration dependence of the diffusion coefficient. 2 This remark is precisely the subject of the present work: we aim to revisit this issue in light of recent atomistic simulation results obtained for coherent CuNi multilayers. 3 More generally, CuNi multilayers have been extensively studied for their magnetic, mechanical, and optical properties. [4] [5] [6] [7] [8] [9] These physical properties depend critically on interfaces and require a good control on the evolution of composition and strain fields under heat treatment. Understanding of how interdiffusion proceeds in these nanosystems should therefore improve these practical aspects. From a theoretical viewpoint these synthetic modulated structures have been also used as valuable model systems to test the various diffusion theories accounting in particular for the influence of the alloying energy, the coherency strain, and the local concentration. 5, 10 Nowadays, this field remains active and has been extended with the development of atomic simulations and many microscopy techniques like atom probe tomography which give details on the intermixing mechanisms. 11, 12 As mentioned, the starting point of the present x-ray diffraction study comes from recent atomistic simulation results obtained for coherent CuNi multilayers. It is found that an unusual layer-by-layer interdiffusion mode should take place in such systems even though Cu and Ni elements are highly miscible. 3 This particular interdiffusion mode, which was known for phase separation film/substrate systems, [13] [14] [15] is in the case of the CuNi system the result of a strong asymmetry of the atomic mobilities or, in other words, due to a marked concentration dependence of the diffusion coefficient.
3, 16, 17 During interdiffusion, the initial Ni pure regions should decrease in size but remain almost pure in composition while the initial Cu pure regions are progressively enriched in Ni diluted atoms forming a solid solution with an increasing concentration. How can such a phenomenon be evidenced from x-ray scattering experiments? In principle, this nondestructive technique provides the pertinent quantities (angular shift, peak intensities) which are sensitive to the composition and the strain field. 6, [18] [19] [20] [21] However, the analysis of the x-ray diffractograms giving access to both the lattice strain and, more importantly here, to the chemical composition requires a realistic model that links the two profiles together. In the presence of coherent interfaces this model will constrain the search of the physical solution in composition and strain. In the first section of this paper, using the temperature dependence of the elastic constants and the lattice parameters in the CuNi system, we first verify experimentally that, even for a stacking of bilayers having a thickness of 6 nanometers, the change of the x-ray diffractogram with the temperature is consistent with a model based on the classical elasticity theory. This modeling gives, in the second section, the framework to interpret our experiments performed at higher temperatures where irreversible intermixing takes place. Perspectives and conclusions of this work are given in the last section.
II. THERMOELASTICITY
The presence of grain boundaries or dislocation leads to short circuit diffusion paths and also to complicated thermoelastic behaviors that we wish to avoid in the present study. Ideally, to focus on the role of bulk interdiffusion, the CuNi multilayer should have coherent interfaces and approach a single crystal. In this case, the interdiffusion is mainly mediated by a vacancy jump mechanism and the multilayer obeys a clear thermoelastic behavior that simplifies the analysis of the resulting diffractograms. For this point, it is often assumed that classical elasticity theory describes properly the relation between strain and composition in these coherent multilayers. In other words, from the elementary bulk properties of the two elements forming the mutlilayer (i.e., lattice parameters, elastic constants), the resulting x-ray diffractograms can be seen as a macroscopic coherent system under biaxial strain. Thus, one can easily quantify (at least for planar sharp interfaces) the total number of bilayers, their composition, their fluctuation in size, and the interplane distances in the Cu-rich and the Ni-rich regions. Recent atomistic simulations agree with this picture by pointing out, however, that due to interfacial relaxation effects, some deviations from the classical modeling should appear with an impact on the diffractogram in the case of short composition wavelengths. 22 At the other extreme for large bilayers, it is well known that a model based on elasticity theory will become unsuitable when misfit dislocations appear to relieve the strain energy. Besides, once this loss of coherency occurs, the kinetics of interdiffusion should certainly deviate from a pure bulk interdiffusion driven by a variation of composition only.
In this section, the samples are made of 25 [Cu 2.48nm Ni 3.75nm ] bilayers synthesized at 473 K by magnetron sputtering on a (001) MgO substrate. We first detail the properties of the samples found at room temperature. We measure the d spacings of the planes perpendicular to the film by grazing x-ray diffraction. In addition to the 200 MgO peak, a single 200 reflection is observed [see the inset in Fig. 1 From the rocking curve performed on the MgO substrate (not shown here), we learn that the MgO crystal is formed by a few subgrains with a low misorientation of 0.05
• between them. The rocking curves obtained on the Cu/Ni multilayer exhibit 002 and 004 peaks from the Cu/Ni multilayer have the same width (about 2.15
• at half maximum) indicating, in the frame of a mosaic bloc model, that this texture is essentially a misorientation mosaicity. 23 Figures 1(a) and 1(b) show parts of the out-of-plane x-ray diffraction pattern (first and second orders peaks) obtained as a function of the scattering vector q parallel to the growth direction. The modulation in intensity is typical of a multilayer. The numerous peaks originate from the periodic stacking of Ni/Cu bilayers. The position of the main I 0 peak in Fig. 1(a) , corresponds to the average out-of-plane d spacing. The other satellite peaks are labeled as indicated in the figure. Note that in the whole out-of-plane diffraction pattern along this scattering vector q (not shown here) we observe the 002 and 004 peaks corresponding to the MgO substrate. This means that both the substrate and the multilayer have the same (001) crystal orientation.
From Fig. 1 , we now proceed to the classical analysis of such curves to extract the pertinent quantities. The asgrown multilayer ends with a free (001) surface. The sample is therefore free of stress in this direction z. Besides the multilayer is coherent and the Ni and Cu layers undergo an elastic strain. From the d value observed here, the Cu element with the larger lattice parameter is compressed while the Ni layers are under tension. In this geometry, the coherency strain causes a contraction (or, respectively, a dilatation) of the interplane distances d ⊥ (z) along the z axis perpendicular to the interface if these planes contain the smallest element (nickel atoms) or, respectively, the biggest element (copper atoms). For pure planes that are relatively away from the interfaces the values of the d ⊥ (z) spacings can be evaluated from the classical elasticity theory. Using Voigt notation for a cubic system with a coordinate axis taken to be the principal axis and considering that the principal stresses σ i and strains i obey a state of biaxial stress we have σ 1 = σ 2 = σ and σ 3 = σ 4 = σ 5 = σ 6 = 0. This tetragonal distortion also implies that
is the bulk equilibrium interplane distance. Using the linear relationship σ i = C ij j between stress and strain through the elastic constants C ij , one obtains
and therefore a direct estimation of the resulting d ⊥ (z) interplane distances in z pure regions. Considering now a region where along z the concentration c(z) varies smoothly, one can also use Eq. (1) to estimate the interplane distance d ⊥ [c(z)] by taking into account the fact that both elastic constants and the equilibrium lattice parameter a 0 = 2d 0 of the solid solution change with c. In the present work, we use a linear variation with c of the quantities d 0 (c), C 12 (c), and C 11 (c) leading to a simple polynomial form of the expression of d ⊥ [c(z)]. These simple approximations mimic well the bulk properties of the CuNi system. [24] [25] [26] [27] In practice, on a discrete lattice where concentration c j is defined per plane j , the spacing between two adjacent planes j and j + 1 is evaluated from Eq. (1) by replacing c(z) with the average value [c j + c j +1 ]/2. Let us note, however, that there are some limitations of the above model [Eq. (1)] that were quantified in a previous work based on atomistic calculations. 22 Due to the interfacial relaxations found in the CuNi system, the d ⊥ profile should also depend on the local concentration gradient. It is shown, however, that this effect is not measurable from the first order satellite peaks I ±1 and I ±2 on the present x-ray diffractograms. Such interfacial phenomena will affect significantly the xray scattered intensity for CuNi multilayers having shorter composition modulation length (roughly three times smaller).
From Eq.
(1) one gets the z positions z j of all the j atomic planes. Considering sharp chemical interfaces between pure Ni and Cu regions, the calculations of the x-ray diffraction spectra are made in the framework of the kinematic theory in the simple Bragg geometry where the scattering vector q is parallel to the z direction. The x-ray scattered intensity I (q) of one multilayer containing N identical bilayers can be evaluated from the product:
is the interference function of the superlattice withd defined as the average interplane distance, λ the number of planes in the bilayer, and F (q) is the structure factor of the bilayer that is calculated by summing over all the j planes F (q) = j f j (q) exp(−iqz j ) with f j (q) = c j f Ni (q) + (1 − c j )f Cu (q) being the scattering factor of the j th planes. The expressions and values of the complex atomic scattering factor f Ni (q) and f Cu (q) are taken from Refs. 28,29 at the x-ray energy corresponding to the copper emission line K α . A Debye-Waller factor is also used as a correction of the atomic scattering factor to take into account the effect of the temperature on the diffraction curves. A rough estimation from the case of elements in the bulk environment 30 indicates that this vibrational effect is not significant (the maxima of the peaks are lowered by less than 1%) for the temperatures considered. The values of f Ni (q) and f Cu (q) used in this work to calculate the out-of-plane x-ray spectra are reported in Table I for q ≈ 3.5Å −1 . To account for some fluctuation in the size of the bilayers in the sample, we use the modeling chosen by Fullerton et al. 31 for this type of disorder. This effect of thickness fluctuations is described by assuming discrete Gaussian variations around the average values N Ni and N Cu of the numbers of Ni and Cu planes with two parameters σ Ni and σ Cu (in the number of planes) that control the respective distribution widths. 31 Finally, to mimic the additional symmetrical broadening of the experimental peaks that is caused by the limited instrumental resolution, the calculated profiles are convoluted with a Gaussian response function with a width (controlled by the parameter σ conv ) corresponding to the resolution of the diffractometer. We now compare in Fig. 1 the theoretical x-ray scattered intensity I (q) with our measurements performed at room temperature. The good agreement between the experiments and calculations shown in Figs. 1(a) and 1(b) is obtained after the following fitting procedure. For a composition profile corresponding only to pure regions and sharp interfaces, the interplanes distances are determined from the elastic model of Eq. (1) using the measured in-plane distance d and the data reported in Table I . Thus, away from the interface, we obtain d Having characterized the multilayer at room temperature, we can now test the composition strain model of Eq. (1) through the variation with temperature of the quantities C 11 , C 12 , d 0 , and d . For this purpose, we have performed in situ x-ray measurements at two annealing temperatures T = 363 K and T = 458 K. The temperature of the sample is known by measuring the MgO thermal expansion by x-ray diffraction. 32 The first order out-of-plane x-ray spectra are plotted in Fig. 2 and the values of the in-plane distances d are reported in Table I . To ensure that experiments are made in a thermoelastic regime, we verify that the diffraction curves observed at T = 298 K and T = 363 K are well recovered at these temperatures after having performed the highest temperature measurement at T = 458 K. Clearly, this reversibility is checked and the sample appears unchanged after this temperature cycle.
During the temperature annealing of the sample two major changes can be seen in Fig. 2 . First, one observes an angular shift of the whole spectra. This shift to the left corresponds to an increase of the average perpendicular d spacing that is well reproduced by the thermoelastic model using the data of Table I (note that the in-plane d spacing d is found to increase smoothly). Second, all the satellite peak intensities increase when the temperature increases. This behavior is very different from the case where interdiffusion takes place, as i will be shown in the next section. This phenomenon is also well captured by the calculated spectra. To summarize, we have shown that classical thermoelastic arguments combined with bulk data can be used to model the xray scattered intensity of annealed coherent CuNi multilayers. This result provides a valuable framework to analyze the evolution of the concentration profiles at higher temperature in the next section.
III. INTERDIFFUSION
The second part of this study concerns the interdiffusion mode that takes place in CuNi multilayers at higher temperature. In theory, the strong asymmetry of the atomic mobilities in this system should lead to a layer-by-layer mode where the initial Ni pure regions decrease in thickness but remain almost pure and where the initial Cu pure regions are more and more enriched by isolated Ni atoms forming a solid solution. This phenomenon is explained from pure kinetic arguments by considering the properties of the vacancies in this system. Interdiffusion is mediated by these point defects that are mainly found in the Cu-rich regions where the vacancy formation energy is lower. Vacancy jumps are also much more frequent in the Cu-rich regions. Consequently, Ni atoms are detached one by one from the interface and diffuse towards the Cu regions. The composition profile of the interface remains sharp and moves layer-by-layer to the Ni-rich regions. Interestingly, this particular interdiffusion mode can be captured by a one-dimensional kinetic mean-field model where the interdiffusion coefficient varies exponentially with the concentration. We will use this simplified description of interdiffusion to study the time variation of the x-ray scattered intensity during the interdiffusion. Since the basis of this diffusion model has been described in several articles 16, 33, 34 only a brief description will be given here. The diffusion is modeled by an effective exchange mechanism between atoms and, it is thus characterized by one interdiffusion coefficient D. This extrapolation is also consistent with an estimation made from a previous kinetic Monte Carlo study and corresponds to a strong asymmetry of diffusion that should lead to the layer-by-layer interdiffusion mode we wish to evidence in this work.
3
For this purpose, we consider coherent CuNi multilayers with properties similar to the one studied in Sec. II. We now discuss the case of two specific samples, denoted sample 1 and sample 2 for which a series of heat treatments were performed at T = 670 K under argon atmosphere. X-ray measurements are done ex situ at room temperature using the geometry and the analysis detailed in the previous section. Before annealing, satisfactory fits of the symmetrical coplanar 002 diffractograms were obtained by assuming again chemically sharp interfaces. The two samples chosen here differ mainly from their composition ratios. Numerically, we obtain the following average number of Ni and Cu planes per bilayer: N Ni = 16.45 and N Cu = 15.05 for sample 1 and N Ni = 23.53 and N Cu = 15.95 for sample 2. And concerning the statistical disorder of these samples, we find σ Ni = 1.0 and σ Cu = 2.4 for sample 1 and σ Ni = 1.4 and σ Cu = 1.8 for sample 2. In Fig. 3 , we report all the in-plane and out-of-plane x-ray spectra collected for sample 1 (ex situ at room temperature) during more than 300 hours of heat treatment at T = 670 K. First, the unique peak observed from the in-plane measurements shows that the multilayers remain coherent during the kinetics. More quantitatively, from the angular shift of this peak, we find a small increase of the in-plane distance d from 1.7828 to 1.7892Å while from the out-of-plane diffractogram, we get (except for the very beginning of the kinetics) a decrease of the average perpendicular distance from 1.7907 to 1.7848Å. From this macroscopic elastic-like behavior of the multilayers during the intermixing kinetics, it is difficult to extract any information on the interdiffusion mode taking place. 40 Besides, one can show that the influence of the variation of d on the intensity of the satellite peaks is not significant. 41 In the following, we will consider d as constant, and focus on the satellite intensities instead of the angular position of the diffraction pattern. In Fig. 3 the evolution of the x-ray scattered intensity is clearly visible and differs markedly from the thermoelastic behavior discussed in the previous section. Here the effect of intermixing is to lower the satellite peaks in favor of a unique peak corresponding to the CuNi solid solution.
Using the notation recalled in Fig. 3 , we plot on a logscale in Fig. 4 the time evolution of the intensity ratios of the first and second order I ±1 (t) and I ±2 (t) with respect to the intensity of the main peak I 0 (t). In addition to the experimental data, we also report in Fig. 4 the results of our simulations obtained by using the above-mentioned kinetic mean-field model that takes into account a possible diffusion asymmetry. Note that these solutions minimize the chi-square error function between the measured data set and the model-generated evolution of the peak intensities. Besides, these values are consistent with the bulk diffusion asymmetry we expect in a bulk CuNi alloy. To get more refined values of the parameters m and D(0) (note that m is not necessarily an integer) additional samples and/or measurements should be considered in future work. However, the overall agreement obtained in the present study for two different samples is a strong indication that the interdiffusion and the composition profiles are driven by the bulk diffusion asymmetry existing in the CuNi system. The time evolution of the concentration profiles that led to such an agreement with x-ray experiments is plotted in Fig. 5 . Clearly, we are in the presence of the layer-by-layer mode we wished to evidence.
To discuss this main result of the present study, we now focus on some details of the curves shown in Fig. 4 CuNi multilayers having different composition modulation lengths. Even though in this pioneering work, I 1 (t) and I −1 (t) intensities are not distinguished (the Guinier model is used, which neglects the influence of strain on the intensity of satellites), we find similar results. Both I 1 (t)/I 0 (t) and I −1 (t)/I 0 (t) curves for sample 1 and sample 2 exhibit a fast decrease at the beginning of the kinetics followed by an exponential regime. To interpret this enhanced diffusivity at short time, the authors invoked different factors: recrystallization and grain growth upon annealing reducing the presence of high-diffusivity paths with time and the nonlinearity of the diffusion equation leading to nonexponential solutions at short time. Our results are in agreement with this latter conclusion. In our simulation the fast decrease observed at short time can be directly related to the nonlinearity of the equation that in our case is mainly controlled by the concentration dependence of the interdiffusion coefficient. Note, however, that the sole effect of strain field in the CuNi multilayer is to slow down the decay of I 1 (t) and I −1 (t) at short time (i.e., contrary to the diffusion asymmetry effect). This is shown in the simulations when diffusion asymmetry is switched off (m = 0) (Ref. 41) . Finally, at long time in the full simulation, we recover an exponential regime with a relaxation time that is controlled by the interdiffusion coefficient at the nominal concentration.
Higher order intensity peaks are even more sensitive to the interdiffusion mode and the diffusion asymmetry. This was clearly evidenced some decades ago by Fleming et al. Interestingly for the two metallic CuNi systems considered in the present paper, the presence of diffusion asymmetry can be identified from the behaviors of the satellites I 2 (t) and I −2 (t). This signature appearing in the calculation of the x-ray scattered intensity is the result of a subtle interplay between the strain effect, the initial composition profile and its evolution with time in the calculation of the x-ray scattered intensity. 40 The presence of strain is necessary to observe nonidentical I 2 (t) and I −2 (t) satellites. The nonsymmetrical initial composition profile is also desirable to get significant initial intensity peaks [I 2 (0) and I −2 (0)] on the diffraction pattern. Finally, our simulations show that for D(c) constant, I 2 (t) and I −2 (t) obey a similar decay while by increasing the diffusion asymmetry (by increasing m in our model) they become more and more separated with I −2 (t) decreasing much faster than I 2 (t). In Fig. 4 for the two samples considered in this work, this asymmetry is clearly visible. The good qualitative agreement observed between the experiments and modeling for these particular peaks tend to confirm the prediction of the presence of a layer-by-layer interdiffusion mode in this system.
IV. CONCLUSION
We have performed x-ray diffraction experiments on coherent CuNi multilayers to probe thermoelasticity and interdiffusion in these samples. Kinetic mean-field simulations combined with the modeling of the x-ray spectra were also achieved to rationalize the experimental results. The typical coherent CuNi multilayers studied in this work have a modulation length of 6 nm and were annealed up to 640 K. At intermediate temperature in the thermoelastic regime, we first showed that the classical description based on elasticity theory remains valid to evaluate the coherency strain in these nanosized samples. This conclusion provides a valuable framework to interpret the diffractograms' evolution with time at higher temperature. Considering an interdiffusion coefficient that depends on the concentration [of the type D(c) = D(0) exp(−mc)], our kinetic simulations reproduce well the time evolution of the first order and second order satellite peaks. The m values ranging from 7 to 8 while D(0) is close to 1.26 10 −23 m 2 s −1 for two samples studied in detail in this work. These values are consistent with extrapolated bulk diffusion data and with the strong diffusion asymmetry expected in this system. More importantly, the resulting composition profiles and the interdiffusion mode correspond to the layer-by-layer one predicted in the past for this system. 3, 16 
